In eukaryotic cells, replication and transcription take place in the nucleus and translation occurs in the cytoplasm. This means that the proteins required for nuclear functions must be imported into the nucleus, and RNA molecules required for translation must be exported to the cytoplasm. This nucleocytoplasmic transport occurs through very large proteinaceous channels called nuclear pore complexes (NPCs) that perforate the nuclear envelope. NPCs allow the passive diffusion across the nuclear envelope of metabolites and proteins smaller than about 40 kDa, and the facilitated or active transport of larger macromolecules.
In eukaryotic cells, replication and transcription take place in the nucleus and translation occurs in the cytoplasm. This means that the proteins required for nuclear functions must be imported into the nucleus, and RNA molecules required for translation must be exported to the cytoplasm. This nucleocytoplasmic transport occurs through very large proteinaceous channels called nuclear pore complexes (NPCs) that perforate the nuclear envelope. NPCs allow the passive diffusion across the nuclear envelope of metabolites and proteins smaller than about 40 kDa, and the facilitated or active transport of larger macromolecules.
Nuclear transport occurs in a three-stage process. Each macromolecule that is to be transported requires a signal within its sequence that can be recognized by a soluble receptor protein. The assembled receptor-macromolecule complex can bind to the NPC and then be translocated from one side of the nuclear envelope to the other. Lastly, the complex must be disassembled, and the receptor proteins returned to the compartment where transport originated. Several recent reviews have focused on the signals required for nuclear transport, the role of the NPC, and the various receptors responsible for recognizing the many different classes of transported macromolecules [1] [2] [3] . We shall focus on the energetics of nuclear transport and the roles played by the small GTPase Ran (Gsp1p in the yeast
Saccharomyces cerevisiae).
Several years ago, systems were developed allowing nuclear protein import to be studied in digitonin-permeabilized mammalian cells, microinjected Xenopus oocytes, or semiintact yeast cells. In these studies, it was shown that nuclear import of proteins containing nuclear localization signals (NLSs) required cytosol and an ATP-regenerating system. Fractionation of the cytosolic extract led to the identification of the small GTPase Ran as an essential factor for nuclear protein import [4, 5] . Ran is found primarily within the nucleus, though it is also present in the cytoplasm and it is probable that it shuttles across the nuclear envelope. The discovery that a small GTPase is an essential factor in nuclear transport led to the hypothesis that the hydrolysis of Ran-bound GTP is the key energy source driving translocation through NPCs. The real situation now appears to be considerably more complex.
GTP hydrolysis by Ran occurs at a negligible rate in vitro unless a GTPase-activating protein, RanGAP1 (Rna1p in S. cerevisiae), is present. The exchange of GTP for bound GDP following GTP hydrolysis requires catalysis by the nucleotide exchange factor RCC1 (Prp20p in S. cerevisiae). Conditional inactivation of Ran blocks nucleocytoplasmic transport in mutant yeast strains [6, 7] . The Ran regulators are asymmetrically localized on opposite sides of the nuclear envelope. RanGAP1 is located primarily within the cytoplasm, though some of the protein is modified by covalent attachment of a ubiquitin-like moiety, and this modified form is bound to the nuclear pore [8] . There is no evidence that yeast Rna1p undergoes a similar modification, but it is detected at NPCs. RCC1 is exclusively nuclear and chromatin-bound. This asymmetric distribution of RanGAP1 and RCC1 predicts the existence of a very steep Ran-GTP/Ran-GDP gradient across the nuclear envelope. Although this has never been determined experimentally, Ran within the nucleus is expected to exist primarily in the GTP-bound state, whereas Ran in the cytoplasm, or bound at the cytoplasmic side of the NPC, is expected to be in the GDP-bound form. Recent findings provide strong support for the existence of such a gradient, and for the view that this asymmetry provides directionality to nuclear transport.
Nuclear transport also requires soluble receptor polypeptides that recognize import or export signals. The receptor for the largest class of NLS-bearing proteins is a heterodimer of importin α and importin β, while import of other proteins, including ribosomal proteins, requires other cargo-specific receptors related to importin β [3] . Additional importin-β-related proteins function in nuclear export, including CRM1, which mediates export of proteins bearing leucine-rich nuclear export signals (NESs), and exportin-t/exportin(tRNA), which binds directly to transfer (t)RNA and mediates its export [9, 10] . S. cerevisiae contains at least 13 different proteins related to importin β, and it is likely that metazoan cells will turn out to contain a substantially larger number.
A variety of approaches has been taken to study the biochemical requirements for nuclear transport, including solution-binding assays, microinjection and the use of permeabilized cells. The advantage of these in vitro systems is that they permit individual steps of a transport process to be distinguished, but they are performed under artificial non-equilibrium conditions and may fail to detect requirements for a functioning in vivo system. Nonetheless, solution-binding assays using transport receptors and either import [11] or export [12, 13] substrates have provided insight into the possible roles different forms of Ran may play in nuclear transport. Import receptors, such as importin β and transportin, form complexes with import substrates either in the absence of Ran, or when Ran-GDP is present, a condition that occurs in the cytoplasm of intact cells [11] . Once transported into the nucleus, these complexes encounter RCC1, leading to an exchange of bound nucleotide, forming Ran-GTP and causing dissociation of substrate and receptor from each other and from the NPC. Mutant importin β lacking the Ran-binding domain (importin β mut ) permits this stage of import to be visualized in the electron microscope, where the trimeric cargo-importin α-importin β mut complex can be seen attached to the nucleoplasmic face of NPCs [14] .
The export of substrates out of the nucleus is thought to occur by an inverse pathway. In contrast to import, the formation of complexes between export substrates and their receptors is highly cooperative and promoted by Ran-GTP [10] . This suggests that export complexes will form and be stable only if the Ran-GTP/Ran-GDP ratio in the nucleus is above a critical threshold. Once in the cytoplasm, or at the cytoplasmic face of the NPC, the complex encounters RanGAP1 and a stimulatory factor, RanBP1. Hydrolysis of GTP on Ran returns Ran to the GDP-bound form, dissociating the complex and completing export.
The compartment-specific regulation of Ran's nucleotidebound state appears to impart directionality to nucleocytoplasmic transport by allowing formation of transportable receptor-substrate complexes only within the proper compartment, and ensuring their dissociation when they reach their destinations (Figure 1 ). The asymmetric Ran-GTP/Ran-GDP distribution and the complementary abilities of Ran-GTP and Ran-GDP to regulate receptor-substrate binding and dissociation, can be thought of in transport potential energy terms: a high Ran-GTP/Ran-GDP ratio in the nucleus drives export, and a high Ran-GDP/Ran-GTP ratio in the cytoplasm drives nuclear import. This segregation of Ran-GTP from Ran-GDP defines whether a particular cargo-receptor complex is at the beginning of its journey (high transport potential) or the end (low transport potential).
Evidence supporting this role for Ran comes from the use of various mutant forms of Ran. Mutant Ran molecules that are locked in the GTP-bound form (Ran GTP-locked ) prevent nuclear export of mRNAs [15] , but not of a reporter protein containing a functional NES [13, 16] . RNA export may thus be more complex than protein export, involving not only the remodeling of ribonucleoprotein complexes (RNPs) to form export-competent substrates (reviewed in [17] ), but also intranuclear movement of RNP complexes from sites of transcription to the NPC [18] . The inability of Ran GTP-locked to prevent NESdirected export suggests that GTP hydrolysis is not required for transport through NPCs. In fact, Ran GTP-locked speeds up protein export, suggesting that cargo-receptor interaction is the rate-limiting step for export [13] .
These results, and others from solution-binding assays, suggest that, in nuclear export, Ran-GTP acts primarily to facilitate the cooperative binding of the receptor and its cargo, and perhaps also to mediate specific interactions of these complexes with nucleoporins. High concentrations In nucleocytoplasmic transport, receptor-cargo associations are dictated by the small GTPase Ran. (a) Import complexes are formed when Ran is absent or primarily in the GDP-bound form; most cytoplasmic Ran is in this form. The complex is transported though the nuclear pore complex (NPC); this requires receptor-NPC interactions as well as interactions involving Ran. After translocation, the import complexes are dissociated by the conversion of Ran-GDP to Ran-GTP; association with Ran-GTP allows recycling of importin β back to the cytoplasm. (b) Export receptor complexes are formed cooperatively in the nucleoplasm through association of Ran-GTP with receptor and cargo. This complex moves through the pore, and is dissociated in the cytoplasm by RanGAP1-catalyzed hydrolysis of Ranbound GTP, releasing the cargo into the cytoplasm and allowing the receptor to shuttle back to the nucleus. of Ran-GDP in the nucleus block this cooperative binding, and thereby block transport at an early step [13] . This explains why it is important to ensure a low Ran-GDP level in the nucleus. With regard to nuclear import, Ran GTP-locked has been shown to block this in semi-permeabilized cell assays [12, 13, 15, 19] , and solutionbinding assays have shown that Ran-GTP dissociates receptor-cargo complexes [11, 13] . These observations explain why it is important to ensure a low Ran-GTP level in the cytoplasm.
Further evidence that GTP hydrolysis by Ran is not essential for nuclear transport comes from recent studies of nuclear transport of the receptors themselves. Importin β is rapidly imported into the nucleus upon microinjection into the cytoplasm [19] . In contrast to an NLS-containing substrate, import of exogenous importin β into the nuclei of digitonin-permeabilized cells did not require Ran or other factors. Inclusion of importin α and an NLS-substrate, however, led to accumulation of importin β at the nuclear rim unless Ran was provided [1, 2] . Importin β has an amino-terminal domain that interacts with Ran-GDP or Ran-GTP, a carboxy-terminal domain that interacts with importin α, and an overlapping domain for interacting with nucleoporins [12, 20] . Mutant forms of importin β unable to bind importin α or Ran were imported so long as they retained the ability to bind nucleoporins [19] . As the import of free importin β was prevented by incubation at low temperatures, it appears to be a facilitated process. Furthermore, microinjection of Ran GTP-locked did not block import of free importin β, again contrasting with results for NLS-bearing substrates.
Studies of other transport receptors, including transportin and a tRNA export receptor, indicate that their nuclear import is also Ran-independent and can occur in the presence of inhibitors of GTP and ATP hydrolysis [10, 21] . Functional Ran is essential for import, however, if transportin is carrying cargo, and a mutant form of Ran that is unable to interact with RCC1 (RanT24N) prevents further import of cargo [13] , probably by occupation of limiting nucleoporin-binding sites by cargo-receptor-RanT24N complexes. Interaction of cargo-transportin-Ran-GDP with RCC1, and consequent exchange of GDP for GTP, facilitates the dissociation of this complex, allowing completion of import. Nuclear export of transportin -like that of all other receptors studied so far -requires interaction with Ran-GTP, but again hydrolysis of GTP is not essential [13, 21] .
In yeast, the stress-induced nuclear export of mRNAs encoding heat-shock proteins has been shown to occur independently of the Ran-regenerating system [22] . This export was unaffected by mutations affecting Gsp1p, Rna1p or Prp20p -the yeast equivalents of Ran, RanGAP1 and RCC1, respectively -or by high-level expression of a mutant form of Gsp1p locked in the GTPbound state. This opens the possibility that another GTPase plays a Ran-like role in export of heat-shock protein mRNAs. Alternatively, Ran may be involved in export of heat-shock protein mRNAs, but the abundance of nuclear Ran-GTP may be sufficient to support the reduced total amount of macromolecular export required under stress conditions. But the lack of a requirement for Rna1p does imply that a novel mechanism would be required to release heat-shock protein mRNA from an export complex.
What, then, are the energy requirements for nuclear transport? The results summarized above suggest that GTP hydrolysis by Ran does not provide the energy for translocation across the nuclear pore. Rather, RanGAP1-catalyzed hydrolysis of Ran-bound GTP in the cytoplasm, and RCC1-catalyzed GTP-GDP exchange in the nucleus, appear to be essential to maintain Ran-GTP/Ran-GDP asymmetry. The physical separation between these regulator molecules must occur during reformation of the nucleus following each mitosis, and stores energy in a very steep Ran-GTP/Ran-GDP gradient. In this model, Ran acts as a key that is required to open the NPC lock during import and export. Cargo-receptor-Ran-GDP complexes are imported from the cytoplasm (Figure 1a) , whereas Ran-GTP promotes formation of analogous cargo-receptor-Ran-GTP complexes in the nucleus (Figure 1b) . These complexes flow down their concentration gradients and reach final binding sites on the opposite sides of the NPC from where they originated.
Specific domains within the receptors most likely mediate most interactions between these complexes and the NPC, though some nucleoporins contain Ran-binding domains. At the terminal binding site on the nuclear face of the NPC, cargo-receptor-Ran-GDP complexes interact with RCC1, which promotes conversion of Ran to the GTPbound form, thereby releasing the complex from the NPC, delivering the cargo to the nucleoplasm and allowing reexport of the receptors back to the cytoplasm (Figure 2a ). Export is a mirror image process: cargo-receptor-RanGTP complexes arrive at a final binding site at the cytoplasmic face of the NPC, where hydrolysis of Ran-bound GTP, promoted by RanGAP1 and RanBP1, reduces cooperative binding within the complex, releasing it from the NPC and delivering the cargo to the cytoplasm (Figure 2b ).
There is at present no information about how many steps are required for such complexes to cross the NPC. Each step could involve binding to a nucleoporin, followed by dissociation and binding to another nucleoporin. There may be multiple nucleoporin-binding domains within importin β family members [12] , and these could be used sequentially to 'walk' across the NPC. The fact that cargo-importin α-importin β complexes require Ran-GDP for complete import, but not for initial binding to the NPC, suggests that Ran-GDP may promote detachment from one nucleoporin-binding site and assist in binding to the next site. Both sites might be available when free importin β is used, but complex formation might alter nucleoporinbinding sites on importin β in such a way that Ran has to bind to the complex in order to modulate the availability and/or affinity of the nucleoporin-binding sites.
Understanding precisely how transport complexes move within the NPC is a major challenge for the future. It will be important to determine whether energy is required to move complexes from one side of the NPC to the other and, if so, what proteins are involved in providing this energy. Furthermore, various cell-cycle phenotypes have been observed in cells with mutations affecting Ran and its regulators (reviewed in [23] ), so it will be important to investigate whether Ran and its regulators are involved directly in cell-cycle events distinct from their roles in nuclear transport. To cytoplasm
